Specific foods such as fish and rice have high concentrations of metals such as arsenic, mercury, lead, cadmium, and cobalt. Many gluten-free diets (GFDs) include these foods, so we evaluated whether a GFD was associated with increased metal bioaccumulation.
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A dherence to a gluten-free diet (GFD) is considered a treatment option mainly for gluten-related diseases, including celiac disease (CD), dermatitis herpetiformis, and wheat allergy, 1 but not for other disorders. Intriguingly, the US general public is becoming increasingly interested in the purported health benefits of a GFD. 2, 3 Several studies have shown a high prevalence of persons following a GFD, even those without gluten-related diseases. 4, 5 The benefits of a GFD for people without CD have not been shown; rather, nutritional concerns have been raised, which include micronutrient deficiencies such as iron, ferritin, and zinc, and lack of fiber consumption. [6] [7] [8] Moreover, several studies on the diet of CD patients have shown that CD patients on a GFD tend to consume more foods with high levels of lipids, sugars, and salt. [6] [7] [8] Thus, it is uncertain whether a GFD provides such benefits in contrast to the public's favorable perception of a GFD. 9 Human beings can be exposed to metals in various ways. Drinking water and foods such as fish and ricebased products have been suspected as sources of heavy metals. [10] [11] [12] A recent study reported a relationship between increased mercury concentrations and a GFD in patients with CD. 13 Moreover, another study showed that the urinary concentration of arsenic was associated significantly with consumption of rice, which is used as a major gluten-free staple. 11 Because heavy metals can bioaccumulate over time and cause an array of adverse health effects, we aimed to determine whether heavy metals-especially arsenic, lead, mercury, and cadmium-bioaccumulate and by how much in people following a GFD. Although patients with CD have to avoid gluten, there are some persons who do not have CD and follow a GFD. We have classified the latter group as people without celiac following a GFD. Our intent also was to determine whether bioaccumulation of these metals is increased in the people without celiac following a GFD.
Materials and Methods

Study Population
The National Health and Nutrition Examination Survey (NHANES) is a program of studies designed to evaluate the health and nutritional status of adults and children in the United States. 14, 15 The surveyed population in NHANES mostly represents the US noninstitutionalized, civilian population because of its complex, multistage, probability-based sampling design. Data from approximately 5000 persons per year, which includes standardized household interviews, physical examinations, and testing of biologic samples, were collected. 15, 16 More detailed information on the survey design for the NHANES, especially gluten-related questions and tests, is available from previous studies. 2, 17 We analyzed data from adult participants aged 18 years or older from NHANES between 2009 and 2012.
2 During this period, 12,391 adults participated in NHANES. Lead, mercury, and cadmium levels in blood were measured in NHANES participants aged 1 year or older; however, only approximately one third of NHANES participants aged 6 years or older were selected randomly for measuring urinary arsenic. Serologic testing for CD was performed in NHANES participants aged 6 years or older.
Heavy Metal Measurements
After blood collection at an NHANES mobile examination center, whole-blood specimens were processed, stored in appropriate frozen (-20 C) conditions, and shipped to the Division of Laboratory Sciences and the National Center for Environmental Health at the Centers for Disease Control and Prevention for laboratory analysis. Comprehensive instructions on specimen collection and processing can be found in the NHANES Laboratory/Medical Technologists Procedures Manual. 18 Whole-blood lead, cadmium, and total mercury concentrations were determined using inductively coupled plasma-dynamic reaction cell-mass spectrometry technology. For measuring urinary total arsenic, urine was processed and shipped to the National Center for Environmental Health. Urinary total arsenic concentrations were determined with inductively coupled plasma-dynamic reaction cell-mass spectrometry. Detailed information about determining concentrations of urinary arsenic and blood lead, cadmium, and total mercury are described elsewhere. 19 Celiac Disease Serologic Testing NHANES serum specimens (2009-2012) were shipped to the Mayo Clinic in Rochester, Minnesota, for CD serology testing. 2, 17 The Celiac Disease Research Laboratory at the Mayo Clinic performed sequential double serologic tests; a serologic diagnosis of CD was based on a positive test for IgA tissue transglutaminase (tTG) with a confirmatory endomysial antibody (EMA) analysis, which has been validated with histologic evaluation of duodenal biopsy specimens. 20, 21 An enzyme-linked immunosorbent assay that uses recombinant human tTG (Inova Diagnostics, San Diego, CA) was used to test sera for IgA tTG. When IgA tTG titers met or exceeded 4.0 U/mL, subsequently, serum samples were tested for IgA EMAs by indirect immunofluorescence using the reticulin component of the endomysium of the smooth muscle in monkey esophagus tissue (Inova Diagnostics). 22 
Status of Gluten-Free Diet and Celiac Disease
The Medical Conditions Questionnaire section of the US National Health Interview Survey provides self-reported personal interview data on a broad range of health conditions for adults. 23 In it, 2 structured CD-related questions were asked of NHANES participants aged 6 years or older: "Has a doctor or other health professional ever told you that you have celiac disease, also called sprue?" and "Are you on a gluten-free diet?" 2, 17 Three responses were possible: yes, no, or do not know. For this analysis, the do not know responses were dropped.
The GFD group was defined by the question "Are you on a gluten-free diet?" and CD was defined by a serologybased diagnosis of double-positive serologic results (IgA tTG concentration 4.0 U/mL and positive to EMA) or a reported clinical CD diagnosis that included positive responses to the 2 CD-related questions.
Seafood Consumption
Survey participants were asked questions about fish and shellfish consumption: "During the past 30 days, did you eat any type of shellfish or fish listed on the card? Include any foods that had shellfish or fish in them such as sandwiches, soups, or salads." 23 The list of fish in this survey included breaded fish, tuna, bass, catfish, cod, flatfish, haddock, mackerel, perch, pike, pollock, porgy, salmon, sardines, sea bass, shark, swordfish, trout, walleye, other fish, and other unknown fish, and the list of shellfish included clams, crabs, crayfish, lobsters, mussels, oysters, scallops, shrimp, other shellfish, and other unknown shellfish.
Statistical Methods
The data were analyzed with SAS statistical software version 9.4 (SAS Institute, Cary, NC) in compliance with the guidelines provided by the National Center for Health Statistics for NHANES analysis. All appropriate adjustments for oversampling and nonparticipation in the household interview and examination of NHANES and published weights were used for all analyses. Descriptive analysis was conducted for each variable. Logistic regression was conducted to evaluate the association of a glutenfree diet with blood concentrations of mercury, cadmium, and lead, and urinary concentration of total arsenic, adjusting for age, ethnicity, and smoking status. Geometric means were reported for urinary concentrations of total arsenic and blood concentrations of mercury, cadmium, and lead according to the status of a gluten-free diet and celiac disease. P values less than .05 were considered statistically significant, and all statistical tests were 2-sided. levels of lead, mercury, and cadmium, and a subset of 3933 adults had their urinary total arsenic measured. The mean age of the 11,354 participants was 47.6 years (SD, 0.17 y) and 51.0% were female. Among these 11,354 participants, 115 persons (1%) reported that they followed a GFD. In addition, 0.8% (n ¼ 32) of 3933 participants for whom urinary total arsenic was determined reported that they were following a GFD. Table 1 shows the demographic characteristics. Of participants following a GFD, only 11 people (9.8%) had CD.
Results
Characteristics of Study Participants
Total Heavy Metal Levels According to Gluten-Free Diet Status Table 2 shows the heavy metal levels of blood or urine according to GFD and CD status. In a univariate analysis, we found a statistically significant increase in total blood mercury (1.37 vs 0.93 mcg/L; P ¼ .008), lead (1.42 vs 1.13 mcg/L; P ¼ .007), and cadmium (0.42 vs 0.34 mcg/L; P ¼ .03), as well as urinary total arsenic (15.15 vs 8.38 mcg/L; P ¼ .002) concentrations, among persons following a GFD compared with those not following a GFD. If persons with and without CD were analyzed separately, people without celiac disease avoiding gluten (n ¼ 101) had significantly increased concentrations of total blood mercury (1.40 vs 0.93 mcg/L; P ¼ .02), blood lead (1.44 vs 1.13 mcg/L; P ¼ .02), and urinary total arsenic (14.69 vs 8.32 mcg/L; P ¼ .01), and a nonsignificant increase in blood cadmium (P ¼ .06) as compared with persons without CD and not following a GFD (n ¼ 10,890) ( Table 2 ).
Blood mercury. Table 3 shows the geometric means of blood mercury levels in people following a GFD or not, according to fish or shellfish consumption. After controlling for age, sex, race, history of fish and/or shellfish consumption, and smoking status, the geometric mean (95% confidence interval [CI]) of blood mercury levels still was significantly higher in people following a GFD than in people not following a GFD (P ¼ .04). In particular, the geometric mean of blood mercury levels was higher in those who reported fish or shellfish consumption in the past 30 days than those who did not consume fish or shellfish. In consideration of the upper threshold of the reference range of blood total mercury levels (10 mcg/L), 24 both groups had few people with mercury levels above this threshold (not on a GFD, 1.5% [173 of 11, 235] ; on a GFD, 1.7% [2 of 115]). Only 2 people, both of whom were not on a GFD, exceeded the threshold of the total inorganic mercury in blood, based on the biologic exposure indices of heavy metals that were adopted by the American Conference of Governmental Industrial Hygienist and the Occupational Safety and Health Administration (OSHA) 25, 26 (Table 2 ). Blood lead. The geometric mean (95% CI) of blood lead level was significantly higher in people on a GFD than people not on a GFD after controlling for age, sex, race, and smoking status (P ¼ .02). Figure 2 shows the geometric mean of blood lead levels in men and women according to GFD status. The geometric mean blood lead levels of people following a GFD was numerically higher in men and women, but the differences were statistically significant only with women (P ¼ .001). Only 5 people, all of whom were not on a GFD, had blood lead levels at or greater than 30 mcg/dL, the threshold adopted by the OSHA 26 (Table 2 ). Blood cadmium. The geometric mean (95% CI) of blood cadmium levels was significantly higher among people on a GFD than people not on a GFD after controlling for age, sex, race, and smoking status (P ¼ .002). Figure 3 shows the geometric means of blood cadmium levels in people on or not on a GFD according to their smoking status. As expected, the geometric mean of blood cadmium levels was significantly higher in current smokers (n ¼ 2259) (0.96 mcg/L; 95% CI, 0.92-1.00 mcg/L) than nonsmokers (n ¼ 5717) (0.24 mcg/L; 95% CI, 0.24-0.25 mcg/L; P < .001) or ex-smokers (n ¼ 2576) (0.33 mcg/L; 95% CI, 0.32-0.34 mcg/L; P < .001). Interestingly, the geometric mean of blood cadmium levels of nonsmokers and ex-smokers was significantly greater in people on a GFD than people not on a GFD (P < .001 for both). When toxic blood cadmium levels were considered, approximately 0.2% of persons not on a GFD (18 of 11,354) , who all were not on a GFD, had blood levels equal to or greater than the hazardous blood level set by the OSHA (5 mcg/L) ( Urinary total arsenic. The mean difference of total urinary arsenic levels between people on a GFD (n ¼ 32; 15.15 mcg/L; 95% CI, 10.81-21.21 mcg/L) and those not on a GFD (n ¼ 3901; 8.38 mcg/L; 95% CI, 7.98-8.79 mcg/ L) was statistically significant (P ¼ .04) after adjusting for age, sex, race, and smoking status. When measurable inorganic arsenic that includes arsenate, arsenite, and 2 methylated metabolic products, dimethylarsinic acid and Monomethylarsonic acid, was considered, the proportion of people whose sum of the inorganic arsenic was greater than 35 mcg/L (adopted threshold by the OSHA) was slightly higher in people on a GFD (3.8%) compared with people not on a GFD (1.4%), but this difference was not statistically significant (Table 2) .
Discussion
Recently, the general public has developed a perception that a GFD provides health benefits for everyone, resulting in substantial growth of the gluten-free market, as well as an increased proportion of the general population who seek and follow a GFD. Certainly, patients with CD greatly benefit from a GFD, despite such less desirable outcomes as nutritional deficiencies. The present study shows a significant increase in levels of blood lead, cadmium, and mercury, as well as urinary total arsenic, among persons following a GFD, compared with persons not following a GFD. Importantly, these levels for most people adhering to a GFD did not reach or exceed the recognized toxic levels of the metals except arsenic.
Adhering to a strict GFD is challenging for persons who have gluten-related conditions because it is difficult to follow, has psychological burdens, and diminishes nutritional health, especially in levels of iron, calcium, thiamine, riboflavin, and folate. 6, 7 In addition, glutencontaining cereals are one of the major sources of dietary fiber in the United States, so people following a GFD may be at risk for inadequate fiber intake. 6, 7 Case reports have articulated the increased heavy metal levels in patients with CD who follow a GFD. 13, 27, 28 Furthermore, previous studies have indicated that foods such as rice, leafy green vegetables, fish, and shellfish have increased levels of arsenic, mercury, lead, and cadmium-all of which can be toxic at high doses. 11, 12, 29 Our study addresses whether different groups of persons who avoid dietary gluten have increased concentrations of these metals because they consume foods that have higher levels of dietary metals. Surprisingly, a recent report by Elli et al 13 that evaluated blood and urinary levels of mercury in CD patients showed mercury levels at significantly higher levels in patients with CD following a GFD without differences in fish intake or amalgam teeth fillings. The explanation of increased mercury levels in treated CD patients may be arguable. However, regardless of CD status, our study showed that people following a GFD had higher blood mercury levels than people not on a GFD. Because the proportion of people who ate fish in the past 30 days was greater in people following a GFD than in those not following a GFD, fish consumption could result in increased mercury concentration in people adhering to a GFD. Interestingly, when analysis was restricted to persons who consumed fish in the past 30 days, those adhering to a GFD had higher mercury levels than those who were not, suggesting that not only seafood but also other foods have a role in this association.
One study from Poland showed that children with CD had significantly higher lead and cadmium levels in deciduous teeth than healthy controls, indicating an association between a GFD and the bioaccumulation of these toxic metals. 28 Our study also showed that both lead and Figure 2 . Geometric mean of blood lead levels. For people on a GFD, the geometric mean of blood lead is greater in men and women than for people not on a GFD. However, the significant differences were found only in women (P ¼ .001). *P ¼ .001, **P ¼ .007. Error bars indicate 95% confidence interval. cadmium levels were higher in people following a GFD than in people who did not. Bioaccumulation of lead and cadmium mainly depends on the food types ingested. Several studies have shown that gluten-free products had less protein than non-gluten-free products 8, 30 ; in addition, these studies showed that ingesting foods low in protein and sulfur-containing amino acids may lead to heavy metal bioaccumulation. In addition, high cadmium levels could be related to smoking history. 28 Interestingly, we found that blood cadmium levels were similar among persons following a GFD and people not following it for current smokers, but persons on a GFD showed significantly higher blood cadmium levels than persons not on a GFD among nonsmokers or ex-smokers.
Rice-based foods are popular for people who need to follow a GFD, and arsenic levels are high in these foods because rice is grown in flooded fields, where arsenic is found naturally in the soil and groundwater. 11, 29 Munera-Picazo et al 31 showed that rice-based foods have high contents of total arsenic and inorganic arsenic; furthermore, arsenic contents may be correlated with the rice percentage of rice-based foods. Moreover, Hasanato and Almomen 27 reported a case with CD and arsenic poisoning, in which the main diet was based on rice and corn derivatives. Our study showed that the geometric mean of urinary total arsenic levels was significantly higher in persons following a GFD than persons not following it. Although our study did not evaluate the influence of rice consumption on high arsenic levels, associations are likely between high arsenic levels and rice consumption because rice is a major ingredient in gluten-free foods.
The present study had several limitations. First, with regard to determining GFD status, only 1 question was used. The general population may not have enough knowledge about a GFD to correctly answer this question. 32 However, in the NHANES study, health-related questions including following a GFD were administered by trained interviewers, and thus bias on the response to a gluten-related question would be minimized. [14] [15] [16] Second, metal accumulation does not rely on results from food avoidance but rather depends on what foods people use as substitutes for gluten-containing cereals. Third, the number of cases that followed a GFD (n ¼ 115) was small, so the findings of the study should be interpreted cautiously. However, our analysis followed the NHANES guideline regarding sampling weights and sample design variables to show the association between a GFD and heavy metals in a robust, nationally representative US population.
In summary, with our analysis of data accumulated by NHANES between 2009 and 2012, we detected an increase in heavy metal bioaccumulation among people following a GFD compared with people not following it. However, the heavy metal levels in people on a GFD generally were below toxic thresholds except urinary arsenic levels. Thus, persons for whom a GFD is not medically imperative should be made aware of the possibility of heavy metal bioaccumulation associated with a GFD. Further studies about the clinical significance of increased heavy metal levels, especially in arsenic levels, are warranted.
